Abstract: The cyclodimerization (twinning) of beta-hydroxy acid amides of type 1 under 'direct amide cyclization' (DAC) conditions is described. Although other coupling methods also gave moderate results, best yields were obtained via DAC, reaching 88% for the cyclodimer 10. In all cases, when starting with racemic material, only the trans-substituted cyclodepsipeptides were isolated. Simple molecular modeling revealed that the formation of the cyclodimer is thermodynamically slightly more favorable than that of the cyclomonomer. The proposal that cyclodimer formation is preferred because of the presence of intramolecular H-bonds could not be confirmed by X-ray crystallography. The influence of substituents, both in the amino acid and in the hydroxy acid moieties, was also studied. It is shown, that cyclodimerization was successful only when the hydroxy acid moiety is alpha,alpha-disubstituted. 
Introduction
In a recent paper, 1 we reported that amides 1, when subjected to the conditions of the 'direct amide cyclization' reaction, [2] [3] [4] [5] [6] [7] [8] [9] yielded only the dimerized product 3. The 14-membered cyclodepsipeptide 3 was isolated as the sole product and none of the expected 7-membered monomer 2 could be detected (Scheme 1). 
Scheme 1
In order to explain this unexpected result we investigated some other lactonization methods with derivatives of 1, including that described by Richard et al., 10 which, in the 
Scheme 2
The main feature of the last-mentioned method is that the cyclization is performed with the monomeric linear precursor, and the twinning, or cyclodimerization, takes place during the course of the reaction. Some basic theories have been offered as an explanation of this dimerization. One of the most popular proposal states that it is mainly due to intermolecular hydrogen bonding between carbonyl and amine groups that are formed during the reaction. 16, 17 In the case of 4, the two planar trans-amide groups form a trans-annular hydrogen bond (intramolecular) and thus favor the formation of a 14-membered ring. That no monomeric product was formed in the reaction can probably be explained by the fact that such an intramolecular interaction would not be possible within a 7-membered ring. However, the contribution of hydrogen bonding tends to be overestimated as some dimerizations also take place in polar solvents, which could interfere with such an intramolecular interaction. 17 Another theory proposed by
Ovchinnikov et al. 18 is that the cyclization is preceded by a linear polycondensation, 4 which results in linear dimers and oligomers, which, under the conditions of high dilution, may undergo cyclization. The extent of the ring closure is determined principally by the most stable conformation of a given linear peptide, being close to that of the cyclic product. On the other hand, the formation of trimers seems to be statistically unfavorable.
The reason for the preferred dimerization in the case of 1 is most probably a defined conformation of the linear precursor and the stability of the transition state. Another reason could be the rigidity of the amide bond in 1, although the reactions with an ester analogue of compound 1 showed that again oligomerization occurred to give tri-and tetrameric structures of the β-hydroxy acid. 1 Therefore, most probably the dimerization is not a result of the amide bond rigidity.
In order to further investigate the cyclodimerization of dipeptide analogues of type 1 under the conditions of the 'direct amide cyclization' we synthesized some other amide precursors, which differ in the substitution in the α-amino acid as well as in the β-hydroxy acid moiety, including chiral compounds. Furthermore, we tried to get some information from computer modeling of key compounds.
Results and discussion
It is known from previous experiments [5] [6] [7] 19, 20 that dipeptides of type 1, in which the two methyl groups in the amino acid residue are replaced by a cyclopentane ring (i.e. the compounds contain 1-aminocyclopentane carboxylic acid instead of 1-aminoisobutyric acid (Aib)), react in a very similar way to 1. Therefore, our first target was amide 9, The backbones of the two structures are very similar and also resemble the structures of the previously reported tetramethyl analogue 3. 1 In the case of 10, the molecule sits about a crystallographic centre of inversion. The cyclopentane ring has an envelope conformation with the spiro C-atom as the envelope flap. Each amide NH group forms an intermolecular hydrogen bond with a lactone carbonyl O-atom of an adjacent molecule.
The molecular symmetry results in there being two parallel hydrogen bonds running in opposite directions between each molecule. These interactions link the molecules into extended double-bridged chains which run parallel to the [1 0 0] direction. Taken individually, the repeat unit in the chain generated by one of the interactions has a graph set motif 24 of C(5). The pair of hydrogen bonds linking two adjacent molecules forms a loop with a graph set motif of R 2 , 2 (16) . In the case of 12, the space group is centrosymmetric and the molecule again sits about a crystallographic centre of inversion.
Therefore, 12 has the (7RS, 7'SR)-configuration, i.e. 12 is the trans-isomer. The hydrogen bonding pattern in the crystals of 12 is the same as for 10.
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The nature of the cyclodimerization in the case of 11 is remarkable. Starting with a racemic precursor 11, one would expect that a mixture of cis-and trans-substituted cyclodimers would be obtained, but only the trans-isomer 12 has been formed in 68%
yield.
As mentioned before, factors that might influence the cyclization are not only the type, but also the number of substituents in the amino acid moiety. Therefore, a cyclization experiment was carried out with an analogue of 11, which contains a monosubstituted amino acid. 
Scheme 4
The 1 H NMR spectrum of the cyclized product obtained from 13 using a shift reagent (Pirkle reagent) and HPLC on a chiral adsorbent (Chiracel OD-H, Merck Whelk-O 1)
showed the presence of only one compound, which was identical with the product 8 obtained from the cyclization of 15. X-ray crystallography of both products confirmed their identical structure and proved that the benzyl groups are trans-oriented ( Figure 2 ). From these results it could be concluded that monosubstituted amino acids in amides of type 1 do not prevent the cyclodimerization. Next, the influence of the disubstitution of C(α) of the β-hydroxy acid should be investigated and, therefore, analogous dipeptides with a α-monosubstituted β-hydroxy acid were synthesized and subjected to cyclization procedures. Tropic acid (3-hydroxy-2-phenylpropanoic acid) turned out to be an interesting starting material for this study. Thus, amides 18a and 18b were prepared by coupling tropic acid with 2,2,N,N-tetramethyl-2H-azirin-3-amine and 2,2,N-trimethyl-Nphenyl-2H-azirin-3-amine, respectively, and subjected to the conditions of the 'direct amide cyclization'. Surprisingly, the cyclization failed and only traces of the corresponding 1,3-oxazol-5(4H)-one were identified in the crude reaction mixture by IR and NMR spectroscopy. Column chromatography led to no identifiable products.
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Furthermore, the corresponding ethyl ester 19, derived from either of the amides 18 by treatment with HCl gas in EtOH, did not yield cyclic products upon treatment with NaH.
Other lactonization procedures, proven to be successful in the case of amide derivatives, 1 also failed to give the desired cyclic depsipeptide in this case (Scheme 6).
When tropic acid was coupled with L-phenylalanine t-butylester.HCl, amide 20 was obtained as a mixture of two diastereoisomers. They were separated on a Whelk-O 1 preparative HPLC column, and we attempted to cyclize each of them, in order to determine the stereospecificity of the NaH cyclization. Unfortunately both the racemic and the enantiomerically pure substrates failed to give cyclic depsipeptides (Scheme 6). 
Scheme 6
The reason for the failure of cyclization of 18-20 could be a steric hindrance of the phenyl group in the α-position or its electronic effect. To examine this possibility, 3-hydroxy-2-methyl-2-phenylpropanoic acid was prepared 27 and coupled with the 
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Scheme 7
As expected, amide 21b cyclized under DAC conditions to yield the 14-membered cyclodepsipeptide 24 in moderate yield. This result suggests that amides of type 18/21 bearing a phenyl group at C(α) of the hydroxy acids do cyclize when α,α-disubstituted, i.e. the phenyl group in 18 was not the reason for its failure to give cyclic products.
Compound 24 was isolated as a colorless solid, which showed only one set of signals in the NMR spectra. Therefore it could be suggested that only one stereoisomer, as a mesocompound, has been obtained. Careful crystallization from a mixture of toluene/acetonitrile/acetone gave crystals suitable for X-ray crystallography. The molecular structure of 24 is depicted in Figure 3 , showing that again the trans-isomer has been obtained. Since the space group is centrosymmetric, 24 is a meso-compound. The molecule sits about a crystallographic centre of inversion, so therefore has the (4RS,4'SR)-configuration. Remarkably, the amide groups are not involved in any hydrogen bonds.
Although amide O-atoms in adjacent molecules appear to be positioned correctly to accept a hydrogen bond from the amide H-atom, the H···O distance of 2.98 Å is much too long for it to be considered a hydrogen bond. This is probably the result of molecular bulk preventing the molecules packing close enough together for intermolecular hydrogen bonds to form. 
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Scheme 10
Compound 30 was subjected to the DAC conditions. The starting material disappeared quickly (TLC), but even after 35 min the only product formed was the corresponding oxazolone 31. After its isolation, further exposure to the same reaction conditions did not propagate the reaction further, and the oxazolone 31 was recovered. The stability of the oxazolone is in this case extremely high, and apparently a ring enlargement reaction is sterically disfavored.
Crystals of 31 suitable for X-ray crystal structure determination were grown from a mixture of deuterochloroform and dichloromethane by slow evaporation of the solvent.
The five membered heterocycle is planar and the phenyl residue is almost coplanar with the ring. The hydroxy group forms an intramolecular hydrogen bond with the imine Natom. The interaction can be described by the graph set motif 24 of S(6) (for crystallographic details see exper. part). HCl gas Toluene, 100 o C
Scheme 11
Next, the aromatic ring in 30 was replaced by a cycloaliphatic one. The preparation of the precursors 33a,b was achieved in three steps according to Scheme 11. The cyclization under the standard conditions led to a mixture of two products, the oxazolone 34 and the dehydrated amide 35, but no cyclodepsipeptide could be detected.
Computer Modeling
As we were searching for an explanation for the preferred cyclodimerization process of diamides of type 1, we carried out some simple quantum mechanical calculations.
Especially surprising was the discrepancy with the lower homologue 36, which under the DAC conditions gave the cyclic monomer 39 exclusively. Assuming that the reaction proceeds indeed via the oxazolone intermediates (37 and 40, respectively), we compared the energies of the corresponding monomeric and dimeric ring structures, both in the cases of α-hydroxy acids and β-hydroxy acids (Schemes 12 and 13). 
Scheme 12
AM1 calculations 30 with Ampac v.6.5.5 31 revealed that the transition state required to achieve a nucleophilic attack of the oxazolone hydroxy group on the carbonyl C-atom is more favorable in the case of 40 than in 37, which is to be expected, having in mind the length of the alkyl chain to which the OH group is bound. Nevertheless, under the DAC conditions, 36 gives 39, whereas 1 undergoes the twinning process. 
Scheme 13
Direct comparison of the heats of formation (∆H) of 38 and 39, as well as those of 3 and 2, reveals that in the first case (Scheme 12) the formation of the dimer 38 is energetically more unfavorable than the formation of the monomer 39 (2E 39 < E 38 ). In the second case (Scheme 12), formation of the dimer 3 is energetically more favorable than the formation of the monomer (2E 2 > E 3 ), which suggests that the cause for the different products formed is thermodynamic. This crude modeling helps to understand why the dimers of type 3 could be the main products of the direct amide cyclization of 1, but it does not explain why they are the only products formed. An equilibrium between the monomeric and dimeric forms under the strongly acidic conditions of the DAC is to be expected in both cases (between 2 and 3 on the one hand and between 39 and 38 on the other). This equilibrium might be shifted almost completely in one direction in the case of 3 and in the other in the case of 39.
Conclusions
Upon investigating the reasons for the cyclodimerization of β-hydroxy acid amides of type 1 under various conditions, we were able to isolate five different 14-membered cyclodimers of type 3. Although other coupling methods also gave moderate results, the best yields were obtained via the 'direct amide cyclization' (DAC), reaching 88% for the cyclodimer 10. It is worth mentioning that in all cases, when starting with racemic material, only the trans-substituted cyclodepsipeptides were isolated.
The cyclodimerization is most probably a result of the greater thermodynamic stability of the 14-membered ring compared with the 7-membered one. Another factor which might contribute to the cyclodimerization, as suggested in the literature, is H-bond formation, which would be more pronounced in the 14-membered ring, although the structures of all cyclodepsipeptides which were characterized by X-ray crystallography showed no evidence of intramolecular H-bonding.
Molecular modeling using simple AM1 calculations shows in the case of 1 that the formation of the dimeric depsipeptide is indeed thermodynamically favored over the formation of the monomer, but it does not explain why the 14-membered ring is the only product formed. A mixture of the monomeric and dimeric forms is to be expected. 28 and methyltropic acid from hydroptropic aldehyde by hydroxymethylation, followed by oxidation, according to Geffken. 27 Hydroxy acids 32
were synthesized by the method of Seebach et al. 32 All other products used were commercially available.
General procedure 1 (GP1).
To a solution of a hydroxy acid (2-6 mmol) in dry THF (5-20 mL), 1.05 equiv of the corresponding 2H-azirin-3-amine were added dropwise. The mixture was stirred at rt for 12-36 h, the solvent evaporated and the remaining solid purified by column chromatography (CC) over silica gel and dried in h.v.
General procedure 2 (GP2).
According to GP1, the reaction was stirred overnight, the solvent evaporated, the solid residue washed with Et 2 O and recrystallized from AcOEt.
General procedure 3 (GP3).
To a solution of a hydroxy acid (3 mmol) in dry THF (10 mL) was added the corresponding phenylalanine ester hydrochloride (3.0 mmol) and 3-(diethoxyphosphoryloxy)-1,2,3-benzotriazine-4(3H)-one (DEPBT, 916 mg, 98%, 3.0 mmol). To the cooled mixture were added dropwise 12 mmol (1.21 g) Et 3 N. The mixture was stirred at rt overnight, the solvent was partially evaporated, AcOEt was added and the solution was washed with 5% aq KHSO 4 and with saturated aq NaHCO 3 solutions.
The combined organic fractions were dried over MgSO 4 , evaporated, purified by CC, and dried in h.v.
General Procedure 4 (GP4).
To a solution of an ester (2.0 mmol) in 10 mL EtOH was added LiOH.H 2 O (336 mg, 8 mmol). The reaction was stirred overnight at rt, acidified with 6N HCl, the organic solvent was evaporated in vacuo and the residue extracted with AcOEt. The crude acids were used in the next reaction step without further purification.
General procedure 5 (GP5).
o C, and dry
HCl gas was bubbled through the suspension for 5-15 min. Then, the mixture was allowed to cool to rt while bubbling N 2 through it (ca. 20 min). The solvent was evaporated, the white residue was washed with 3 × 15 mL of CH 2 Cl 2 and dried in h.v.
General procedure 6 (GP6).
According to GP5, after bubbling N 2 through the reaction mixture (ca. 20 min) the solvent was evaporated, and the residue purified by CC.
General procedure 7 (GP7).
To a solution of 13 or 15 (1 mmol) in dry toluene (5 mL and dried in h.v.
General procedure 8 (GP8).
To a solution of a hydroxy acid (1 mmol ) in acetonitrile (5 mL), I 2 (25 mg, 0.1 mmol ) was added. After 2 d under reflux, the mixture was cooled and the solvent evaporated.
After addition of 20 mL of AcOEt and washing with aq Na 2 S 2 O 3 , the combined organic fractions were dried (MgSO 4 ) and evaporated i.v. The crystalline residue was purified by CC.
General Procedure 9 (GP9).
A suspension of an amide (1 mmol) in a toluene/20% ethanol solution (60 mL) was heated to 100 o C, and dry HCl gas was bubbled through the suspension for 10 min. Then, the mixture was allowed to cool to rt while bubbling N 2 through it (ca. 20 min). The solvent was evaporated and the oily residue was purified by CC .
General Procedure 10 (GP10).
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A suspension of an amide (0.5 mmol) in dry toluene (25 mL) was heated to 100 o C, and dry HCl gas was bubbled through the suspension for 10 min. Then, the mixture was allowed to cool to rt while bubbling N 2 through it (ca. 20 min). The solvent was removed i.v. and MeOH (15 mL) was added to the residue and stirred at rt for 1 h in the presence of 500 mg SiO 2 . The silicagel was filtered, the solvent was evaporated and the oily residue was purified by CC. 768 mg (88%). Spectroscopic data in accordance with previously published data. 33 The optical purity has not been determined. 1 Recrystallization from DMSO/diethyl ether yielded crystals of 11a, suitable for an X-ray crystal structure determination.
Preparation of 3-
3-Hydroxy-2,2-dimethyl-N-[1-methyl-1-(N-methyl-N-phenylcarbamoyl)-2-phenylethyl]propanamide (11b).
According to GP1, 3-hydroxy-2,2-dimethylpropanoic acid (436 mg, 2.00 mmol) in dry THF (5 mL), 2-benzyl-2,N-dimethyl-N-phenyl-2H- 
3-Hydroxy-2-phenyl-N-[1-methyl-1-(N,Ndimethylcarbamoyl)ethyl]propanamide (18a).
According to GP2, 3-hydroxy-2-phenylpropanoic acid (tropic acid, 332 mg, 2.00 mmol) in dry THF (5 mL), 2,2,N,N- (22) . According to GP2, 3-hydroxy-2-benzylpropanoic acid (360 mg, 2.00 mmol) in dry THF (5 mL), 2,2,N-trimethyl-N- 
3-Hydroxy-2-phenyl-N-[1-methyl-1-(N-methyl-Nphenylcarbamoyl)ethyl]propanamide (18b
3-Hydroxy-2-methyl-2-phenyl-N-[1-methyl-(N,Ndimethylcarbamoyl)ethyl]propanamide (21a
3-Hydroxy-2-benzyl-N-[1-methyl-1-(N-methyl-Nphenylcarbamoyl)ethyl]propanamide
3-Hydroxy-2-methyl-N-[1-methyl-1-(N,Ndimethylcarbamoyl)ethyl]propanamide (23
2-Hydroxy-N-[1-methyl-1-(N-methyl-N-phenylcarbamoyl)ethyl]benzamide (30).
According to GP1, salicylic acid (276 mg, 2.00 mmol) in dry THF (5 mL 2-(3-Hydroxy-2,2-dimethylpropanoylamino)-3-phenylpropanoic acid ((S)-16 ). According to GP4, from 17 (558 mg, 2.0 mmol). Yield: 442 mg (79%) of (S)-16. Recrystallization from toluene/MeCN/acetone yielded crystals of 24, suitable for an Xray crystal structure determination. 36 The intensities were corrected for Lorentz and polarization effects, but not for absorption. Equivalent reflections were merged. Each structure was solved by direct methods using SIR92, 37 which revealed the positions of all non-hydrogen atoms.
(1R,2S)-2-Hydroxy
(1R,2S)-2-Hydroxy-N-[1-methyl-1-(N-methyl-Nphenylcarbamoyl)ethyl]cyclohexanecarbonamide (33b
Preparation of dipeptide esters
tert-Butyl (S)-2-(3-hydroxy-2,2-dimethylpropanoylamino)-3-phenylpropanoate (13
Methyl (RS)-2-(3-hydroxy-2,2-dimethylpropanoylamino)-3-phenylpropanoate (15
tert-Butyl (R,S)-2-(3-Hydroxy
(S)-
cis-(S,
In the case of 10, 12, trans-14 and 24, the molecule sits about a crystallographic centre of inversion.
In the case of (S,S)-14, there are two symmetry-independent molecules in the asymmetric unit. The atomic coordinates of the two molecules were tested carefully for a relationship from a higher symmetry space group using the program PLATON, 38 The non-hydrogen atoms were refined anisotropically. Any amide or hydroxy H-atoms in the structures were placed in the positions indicated by a difference electron density map and their positions were allowed to refine together with inividual isotropic displacement parameters. All remaining H-atoms were placed in geometrically calculated positions and refined using a riding model where each H-atom was assigned a fixed isotropic displacement parameter with a value equal to 1.2U eq of its parent C-atom (1.5U eq for the methyl groups). Except for 11a, the refinement of each structure was carried out on F 2 by using full-matrix least-squares procedures, which minimised the 
